F1 hybrids can outperform their parents in yield and vegetative biomass, features of hybrid vigor that form the basis of the hybrid seed industry. The yield advantage of the F1 is lost in the F2 and subsequent generations. In Arabidopsis, from F2 plants that have a F1-like phenotype, we have by recurrent selection produced pure breeding F5/F6 lines, hybrid mimics, in which the characteristics of the F1 hybrid are stabilized. These hybrid mimic lines, like the F1 hybrid, have larger leaves than the parent plant, and the leaves have increased photosynthetic cell numbers, and in some lines, increased size of cells, suggesting an increased supply of photosynthate. A comparison of the differentially expressed genes in the F1 hybrid with those of eight hybrid mimic lines identified metabolic pathways altered in both; these pathways include down-regulation of defense response pathways and altered abiotic response pathways. F6 hybrid mimic lines are mostly homozygous at each locus in the genome and yet retain the large F1-like phenotype. Many alleles in the F6 plants, when they are homozygous, have expression levels different to the level in the parent. We consider this altered expression to be a consequence of transregulation of genes from one parent by genes from the other parent. Transregulation could also arise from epigenetic modifications in the F1. The pure breeding hybrid mimics have been valuable in probing the mechanisms of hybrid vigor and may also prove to be useful hybrid vigor equivalents in agriculture.
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heterosis | TCM | epigenetics | transregulation | transcriptome I n Arabidopsis some ecotypes with similar genome sequences produce F1 hybrids with large increases in vegetative and reproductive yields (1, 2) . These results appear to be at variance with the generalization that the larger the genetic distance between parents, the greater the hybrid vigor (3); however, the Arabidopsis ecotypes have different epigenomes that may be important for hybrid vigor (4) . In hybrids between C24 and Ler, we found altered levels in two epigenetic systems: 24nt siRNAs and DNA methylation (4, 5) . These epigenetic changes appear common among hybrid systems with similar observations being made in maize and rice hybrids (6) . The epigenetic changes can correlate with changes in gene expression and contribute to the unique gene expression profile of the F1 hybrid (7) . Not all crosses result in hybrid vigor (heterosis); some result in decreased vigor and yield referred to as "hybrid weakness" (8) .
Heterotic F1 hybrids are featured in agricultural and horticultural crops, and in all species, the yield gains are restricted to the F1 generation. The F2 and subsequent selfed generations are discarded because of reduced yields and heterogeneity of morphological and developmental traits. A hybrid crop system requires an efficient method of F1 hybrid seed production dependent on male sterility in the female parent and synchronous flowering of the male and female parents.
QTL analysis in maize and rice has confirmed that hundreds of genome segments contribute to the heterotic phenotype, but the main molecular mechanisms of hybrid vigor have not been determined (9) . Although these data show the heterotic phenotype to be multigenic, supporting the suggestion that the reductions in vigor in the F2 and subsequent generations result from segregation of genomic expression units, there are reports of stabilization of hybrid vigor traits being achieved through a program of trait selection. In 1959, Williams selected F4 tomato lines from F2 plants of two commercial F1 hybrids; the F4 lines had greater fruit size and yield than the traits in the F1 parents (10) . In wheat, Busch et al. (11) selected random F3 plants generated from heterotic F1 wheat hybrids and produced pure breeding F5 lines, some of which had vigor attributes equal to or surpassing the hybrid (11) . A similar finding was reported in the legume, field pea (12) . These experiments, reporting pure breeding lines by the F5, all support a conclusion that there must be relatively few segregating units of the genome which produce the F1-like hybrid phenotype.
We attempted to fix the F1 phenotype in the Arabidopsis C24/Ler hybrid to produce pure breeding lines in subsequent generations that had yield increases similar to the F1 hybrid. We found we were able to stabilize F1 traits within a few generations of selection. We used recurrent selection based initially on the phenotype of F2 plants, which closely resembled the F1 hybrid phenotype. This procedure led to the production of pure breeding lines with F1-like phenotypes by the F5 generation: we called these hybrid mimics. These hybrid mimics were powerful tools for comparing their patterns of gene expression with the patterns of gene expression in the F1 and allowed us to identify key metabolic pathways in the F1 and in each of the hybrid mimics important in the production of the hybrid phenotype.
In our analyses, we found that the hybrid mimics in the F6 generation were largely homozygous for most of the chromosomal segments of the genome, with only limited heterozygosity in segments of some chromosomes. A large number of genes in the hybrid mimic lines had expression levels different from their parental expression levels. These transregulated genes were probably the result of both epistatic interactions and epigenetic
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Hybrids have an important role in many crops used for global food production. The increased production levels of biomass and grain are restricted to the first-generation hybrid. We report stabilization of hybrid vigor traits in pure breeding hybrid mimic lines. Comparison of the patterns of their gene activity with those of the F1 hybrids has identified metabolic pathways associated with the generation of the hybrid vigor phenotype. The hybrid mimics are homozygous for long chromosomal segments showing that heterozygosity is not required for the production of the heterotic phenotype. Interactions between the two parental genomes and epigenomes contribute to the vigor of the Arabidopsis hybrids and are likely to be the basis of hybrid vigor in other plant species.
regulation contributing to the unique gene expression patterns of the hybrid mimic lines and the F1 hybrids.
Results
In crosses between the C24 and Ler ecotypes, the F1 hybrids had substantial levels of hybrid vigor in vegetative biomass of the rosette and reproductive yields of seed production (13) . At 15 d after sowing (DAS), the vegetative biomass of the F1 hybrids was ∼26% greater than the biomass of the better parent, and at 28 DAS, the F1 biomass had increased to ∼90% greater than the better parent ( Fig. 1 and Fig. S1 ). The plants of the F1 generation have a uniform phenotype with a high level of hybrid vigor. In contrast, the F2 population has heterogeneous phenotypes in rosette diameter, leaf morphology, and flowering time. The largest plants in the F2 population are similar to the F1 hybrid phenotype and have a flowering time falling within the range of the flowering times of the two parents ( Fig. 1 and Fig. S2A) .
In a program of recurrent selection based around individual F2 plants selected on the basis of F1-like rosette diameter, we were able to develop pure breeding F5/F6 lines featuring traits similar to those of the F1 hybrid plants (Fig. 2) . In each successive generation of selfing, we selected the largest plants (n = 2-5) from a population of 50 progeny of an individual selfed plant ( Fig. 2A and Figs. S2-S4). In line L3, the mean rosette diameter increased markedly in the F3-F4 transition and then had lower intergenerational increases in the F4-F6 ( Fig. 2A and Figs. S3 and S4). In addition, the variance in the size of individual plant rosettes reduced in each generation. By the F5 generation, the increased rosette diameter and decreased level of phenotypic variance produced a progeny population of plants with phenotypes similar to the F1 hybrid ( Fig. 2A) . In the F6 generation, the characteristics of the F5 were maintained indicating a fixation of the vegetative traits of rosette diameter, fresh weight, and seed yields approaching the F1 values of these traits ( Fig. 2 B-E) .
In the L4 line, the presence of early flowering plants in the F4, segregating from a heterozygous F3 plant, interfered with the increase in rosette size and the decrease in rosette variance. The selection regime in the F5 reestablished the expected hybrid mimic progression by the F6 generation. The similarity of F6 plants to the F1 hybrid plants was most obvious in rosette diameter (Fig. 2B) , the trait we used as the selection parameter, but fresh weight and seed yields were also markedly increased compared with either C24 or Ler parental lines (Fig. 2 C and D) . We anticipate that if fresh weight and seed yield had also been used as selection criteria, these traits would be fully comparable to the F1 hybrid in the F6 plants.
We termed the independent F4 and F6 lines hybrid mimics (Fig. 2E) , each line having traits characteristic of the F1 hybrid. In addition to these F1-like plant selections, we also carried out recurrent selection for a small plant phenotype. We retained only one small plant line in the F4; the other small plant selections had phenotypes similar to the smaller parent (Figs. S2-S4) and were not further analyzed.
Parallel but Different Developmental Growth of the F1 Hybrid and the F4 Hybrid Mimic Lines. In the F1 and hybrid mimic lines, at both F4 and F6 generations, the growth parameters throughout development up to 39 DAS were greater than those of the parents (Fig. 3 A and B) . The hybrid mimics do not have patterns of growth identical to the F1 hybrid or to each other, but all were similar (Fig. 3A) . The two L1 lines (L1-1 and L1-2) were slower than the other selected hybrid mimic lines in the initial 18 d of growth but subsequently caught up, and by 28 d, had phenotypes similar to the other lines (Fig. 3A) . The F4 lines (Fig. 3B) did not reach the state of phenotypic uniformity or vegetative size occurring in the F1, but the F6 generation plants were comparable to the F1 plants ( Fig. 2A) .
The F1 Hybrids and Hybrid Mimics Have Larger Leaves Than the Parents. In both reciprocal F1 hybrids, the leaves can be 50-90% larger in lamina area than the parents, and this is also true for the F4 large hybrid mimic lines (Fig. 3C) . Large leaves is a trait that is common to F1 hybrids in many species (14, 15) . We measured leaf area and determined leaf cell number and cell size at 15 DAS in the C24 × Ler reciprocal hybrids and in the F4 lines. All of the hybrid mimic lines except L1-1 have a leaf area greater than the mid parent value (MPV) at 15 d with P ≤ 0.01 for significance (Fig. 3C ), but the L1-1 line increases leaf area in the later stages of growth. All eight hybrid mimic lines have leaf cell numbers greater than the MPV and some of the lines have larger photosynthetic cells (P < 0.05), in particular F4-L3-1 ( Fig.  3 D-F) . Of the two reciprocal F1 hybrids, the photosynthetic cells are larger in the hybrid with C24 as the maternal parent (Fig. 3E ). Both cell number and cell size contribute to the larger leaf area in the hybrid mimic lines but in different proportions in the different lines. In the small plant F4 line (S1-1), the size of the leaf cells is smaller than that of the cells of the parents, but the number of cells in each leaf approximates the number in the parental leaves (Fig. 3 D-F ). In the F1 hybrids, the increased number of cells relative to the numbers in parental leaves occurs as early as the cotyledons in the seed before germination (2) . In other species, such as maize, hybrids have also been noted to have larger leaves associated with increased cell numbers (14, 15) . We scored an increased number of chloroplasts per leaf where the cell size was increased and where there was an increased number of cells (16) . Chloroplasts are more frequent in larger cells and the cells have a greater chlorophyll content (17, 18) .
Identification of Differentially Expressed Genes in the Hybrids and F4
Plant Lines Relative to the Parents at 15 DAS. In Arabidopsis hybrids, thousands of genes have altered expression compared with the parents (19) , yet the gene activities key to the development of the heterotic phenotype have not been identified. The similarity of morphological growth and development of the hybrid mimics and the F1 hybrids, together with the similarity of cellular properties of the large leaves, suggest that the hybrid and the hybrid mimics increase the size of the vegetative rosette through the same gene activities and metabolic pathways. At 15 DAS, seven of the F4 hybrid mimic lines had an increased rosette size relative to the better parent (BP), and one line, L1-1, had a plant size similar to the parents (Fig. S1A) . mRNAs from aerial tissues of 15-d-old seedlings of the two parents C24 and Ler, F1 hybrids, the eight hybrid mimic lines, and the one small plant line were sequenced (Dataset S1, Table S1 ). Genes with a fold change (FC) ≥ 1.3 and a statistical significance (P ≤ 0.05) relative to MPV were scored as differentially expressed genes (DEGs). The two reciprocal hybrids had 1,097 and 1,886 DEGs, respectively (Dataset S1, Table  S2 ). In the hybrid mimic lines, the numbers of DEGs ranged from ∼1,700 to 4,700 (Dataset S1, Table S2 ). Activities of some of these shared genes in the hybrids and hybrid mimic lines could be responsible for the increase (or decrease) in the rosette sizes compared with the sizes of parental lines.
Hybrid Mimic Lines Show Gene Expression Profiles Similar to the
Hybrids. In the transcriptome analyses, the hybrid mimic lines were compared with independently grown F1s in two parallel experiments. Although the conditions were highly controlled, the color temperature of the growth light differed somewhat in the two experiments (cool white vs. daylight; both 130-150 μmol photons/m 2 /s of light and 16-h-long days). This experiment resulted in the reciprocal F1s grown in these two conditions having different proportions of up and down differentially regulated genes ( Fig. 4 A and B) . In the F1 in Fig. 4A , there are ∼1,000 gene activities plotted, and in Fig. 4B , ∼1,900 genes are plotted in the heat maps of each of the hybrid mimics. Of the 1,000 genes differentially expressed in the C24 × Ler hybrid, ∼55% are not differentially regulated in the hybrid mimics; 31-46% of the F1 genes show a similar direction of altered expression in the hybrid mimics ( Fig. 4A and Dataset S1, Table S3 ). L2-1 and L2-2 have more conservation of down-regulated genes than L1-2. In the reciprocal hybrid (Ler × C24) and the F4 hybrid mimic lines derived from this cross, ∼40% of the F1 DEGs do not differ from the MPV in the F4 lines, and between 37% and 63% of DEGs are shared between the F1 and the F4 lines, with conservation of direction being particularly prominent among upregulated genes. In each of these lines, fewer than 12% of the DEGs in the F1s are expressed in a direction opposite to the F4 hybrid mimics, whereas in the small plant phenotype (line F4-S1-1), nearly 40% of the F1 differentially regulated genes show an opposite direction of differential regulation ( Fig. 4B and Dataset S1, Table S3 ). Of the eight hybrid mimic lines, the L1-1 line (Fig.  S5A ) did not have a large phenotype, and we did not use its transcriptome in the 15 DAS comparison. At 28 DAS and at the completion of its life cycle, it had a large phenotype similar to the other hybrid mimic lines (Fig. 3A and Fig. S5 B and C) .
In the two F6 lines, there is strong conservation of the level and direction of genes differentially regulated in the F1 (Fig. 4C and Dataset S1, Table S1 ). The two F6 lines show ∼60% of the F1 DEGs having MPV in each of the two F6 lines, and ∼ 35% of the F1 DEGs show the same differential activity direction in the F6 lines (Dataset S1, Table S3 ). A comparison of the F6 lines to the hybrid mimic lines in the F4 shows the number of conserved shared gene activities has been reduced but fewer than 10% of the F1 DEGs show an opposite regulation pattern in the F6 lines ( Fig.  4C and Dataset S1, Table S3 ). Two hundred thirty-eight loci have common patterns of differential expression in the two F6 lines and Black dotted line in B-D represents the better parent value (BPV). **Significant differences at P (Student t test) < 0.01 from MPV. *Significant differences at P < 0.05 from MPV. Error bars = SEM. All plants were grown on MS medium. In Fig. S3 , all plants were grown on MSNoble medium in the first 18 DAS, producing slightly different growth results. the F1 hybrid (Fig. S6 ). These data suggest that there is a high concentration of "F1-like phenotype genes" in the F6 plants.
Genes and Metabolic Pathways Important in the F1 Hybrid Phenotype
Are Present in the Hybrid Mimics. The differentially expressed genes common to F1 hybrids and F4 hybrid mimic lines are likely to be associated with the large plant phenotype.
Some of the cohort of these genes had similar altered expression levels in the F4 small plant line, and these were removed from the analysis. There were many loci that had opposing expression levels or were unaltered in expression in the small line relative to the levels in the large mimic lines. We focused on genes that, compared with the MPV, were nonadditively/differentially expressed in both the F1 hybrid and at least three of the F4 hybrid mimic lines. This method resulted in 257 genes being candidate loci contributing to hybrid vigor (Dataset S1, Table S4 ). Seventy-two of the 257 genes are also present in the 238 loci, which have common patterns of differential expression in the F6 lines and the F1 hybrids (Fig.  S6A) . GO analysis placed the 257 genes in a number of metabolic pathways ( Fig. 5A and Dataset S1, Table S5 ), of which the most enriched gene ontology (GO) terms were metabolic process and response to stimulus. Genes other than the 72 loci common to both F6 lines and present in these GO terms may also play roles in the generation of the heterotic phenotype.
In the category of metabolic process, three groups of genes associated with flavonoid biosynthetic process, indole derivative metabolic process, and sulfur metabolic process were overrepresented ( Fig. 5A and Dataset S1, Table S5 ). The down-regulation of the flavonoid biosynthetic pathway in the C24/Ler hybrids has been previously reported (19) . A number of genes in this pathway including FLAVANONE 3-HYDROXYLASE (F3H), FLAVONOL SYNTHASE 1 (FLS1), and CHALCONE SYNTHASE (CHS) were down-regulated in the F1 hybrids and in at least three F4 hybrid mimic lines, and most were up-regulated in the small plant line (Fig. 5B and Dataset S1, Table S4 ).
In the category of response to stimulus, 57 genes were assigned to the response to stress term, with 21 of these annotated to the subset GO term defense response (Dataset S1, Table S5 ). FLAVIN-DE-PENDENT MONOOXYGENASE1 (FMO1) functions as a gene activity modulator during activation of systemic acquired resistance to disease (20) . This gene is down-regulated in the F1 hybrids and five of the F4 hybrid mimic lines but is expressed at MPV in the small plant line (Fig. 5B) . WRKY proteins are essential regulators in plant immune responses (20, 21) . WRKY38 and WRKY60 are up-regulated during plant defense activation, whereas WRKY 33, encoding a negative regulator of the defense response, is down-regulated (21) (22) (23) . In the F1 hybrid and hybrid mimic lines, WRKY38 and WRKY60 were down-regulated, whereas WRKY33 was up-regulated (Fig. 5B) , suggesting that the hybrid and the hybrid mimic lines have a low basal expression of these defense response genes. Consistent with this suggestion, downstream target genes of these regulators, including a number of pathogen responsive markers such as PATHOGENESIS-RELATED GENE 1 (PR1) and PR5 (24, 25) , were down-regulated in the F1 hybrids and F4 hybrid mimic lines (Fig. 5B) . In the majority of cases, the F4 small plant showed MPV or up-regulation of these genes ( Fig. 5B and Dataset S1, Table S4 ), suggesting that the small plant line has higher basal expression levels of the defense response genes. These observations support the suggestion that there is a negative relationship between vegetative growth and defense activation (26, 27) , with the down-regulated defense-related gene activities associated with greater growth of the hybrids and hybrid mimic plants.
The gene encoding C-REPEAT/DRE BINDING FACTOR 1 (CBF1), a regulator of the cold acclimation response (28) , and its target genes COLD-REGULATED 47 (COR47) and LOW-TEMPERATURE-INDUCED 78 (LTI78) (29) , were up-regulated in the hybrids and most hybrid mimic lines but down-regulated or Table S3 ). Red/ green represents up-/down-regulated genes in the F1 hybrids. unaffected in the small plant line (Fig. 5B and Dataset S1, Table  S4 ). RESPONSE TO DROUGHT 29A (RD29A) and EARLY-RESPONSIVE TO DEHYDRATION 7 (ERD7), which can be induced by cold, salt, or drought stress (30, 31) , had up-regulated gene activities in the hybrids and most hybrid mimic lines and were down-regulated or unaffected in the small plant line (Fig.  5B and Dataset S1, Table S4 ). Plant hormones are important in a range of developmental processes. A number of genes associated with defense response and response to abiotic stress were also assigned to the gene category response to hormone (Fig. 5 and Dataset S1, Table S5 ). The changed hormone pathways were the jasmonic acid (JA), salicylic acid (SA), and abscisic acid (ABA) pathways. ABA is associated with the up-regulated abiotic stress response genes in both hybrids and hybrid mimic lines. Jasmonic acid, salicylic acid, and ethylene are the main phytohormones involved in defense responses and have complex cross-talk with the ABA network (32) (33) (34) (35) .
Genes in the pathways response to carbohydrate stimulus, response to oxidative stress, and response to nutrient levels indicated these pathways could also be involved in the generation of the large plant phenotype (Fig. 5 and Dataset S1, Table S5 ).
In the class cellular component, the functional category cell wall was one term represented by a number of these genes (Dataset S1, Table S5 ). This result could link the down-regulated defense response in the hybrids and hybrid mimic lines to cell wall remodeling, a component of plant growth (20) .
The transcriptome analysis of leaf tissue from 28-d-old parents, F1 hybrids and the eight hybrid mimic plant lines showed the defense response pathways were down-regulated in the F1 hybrid and hybrid mimic lines as they were in the 15 DAS transcriptomes. The alterations in the pathways were conserved over both developmental stages (Fig. S5 B and C and Dataset S1, Table S6 ). Changes in the transcriptomes of the hybrids relative to the parents occur earlier than 15 DAS. For example, we showed that alterations in the transcription levels of photosynthesis-associated and chloroplast-targeted loci occur in the first few days of seedling development (16) . It will be important to have detailed analyses of hybrid mimics in the first few days of seedling growth.
GO analysis of the transcriptomes of the hybrid mimic lines established that, through a recurrent selection process based on plant size, we selected for the retention of a number of F1 hybrid metabolic pathway expression profiles. Our data emphasize that down-regulated defense response and up-regulated abiotic stress response pathways are likely to be contributing to the generation of the biomass large phenotype.
Chromosome Segmental Sequence Homozygosity in F6 Plants. The uniformity of the progeny plants in the F6 lines suggests that genomic segments important for the hybrid mimic phenotype have been fixed in the population of F6 plants. SNP analysis of the transcriptome reads of three F6 siblings of each of the two F6 lines showed the genomes of two sibling F6-L3-1-1-2 plants were homozygous for long chromosomal segments of either the C24 genome or the Ler genome and had no heterozygous segregating segments ( Fig. 6 and Dataset S1, Table S7 ). The third sibling, while mainly homozygous, had a low level of heterozygosity (3%) toward the end of chromosome 3. This region was homozygous C24 in sibling 1, homozygous Ler in sibling 2, and heterozygous in sibling 3, showing that this segment must have been heterozygous in the parental F5 plant. In these three siblings, 98% of genes were fixed with only 2% having alleles continuing to segregate (Fig. S7A) .
The F6 line L4-2-1-2 had between 7% and 20% of the sibling genomes heterozygous on chromosomes 1 and 2 (Fig. 6 ). The three siblings had near identical heterozygous segments in the right arm of chromosome 2. Fifty percent of the chromosomal segments of the genome were homozygous for Ler sequences, with the remaining segments being heterozygous or homozygous for C24 sequences (Fig. 6B ). These latter segments may not contain genes important for the uniform hybrid mimic phenotype of the L4-2-1-2 line. Fifty-four percent of genes have the same genotype in the two F6 lines and potentially contain the same combination of alleles required for the hybrid mimic phenotype (Fig. S7A) .
The SNP genotyping has demonstrated that the F6 lines are mostly homozygous for one or the other parent allele. The homozygous state of both F6 lines explains why the number of DEGs in the F4 and F6 lines exceed the number of DEGs in the F1 hybrid. An expression analysis comparing loci in the F6 lines to the parent of origin (C24, Ler, or MPV for heterozygous regions) aimed to identify how many genes showed evidence of transregulation. Genes that had an expression pattern that did not match the expression pattern of the genes in the parent were classified as being transregulated; 1,780 genes in F6-L3-1-1-2 and 1,448 genes in F6-L4-2-1-2 were differentially expressed compared with the same genotype in the parents. Eight hundred thirty-two genes were in both F6 lines, leaving 2,396 genes that undergo transregulation in the genome (Fig. S7B) .
Examples of the genes that undergo transregulation include At4g15210, At2g45660, and At4g30610 (Fig. 7 and Fig. S7 C and  D) . At4g15210 retained the low expression levels of the F1 hybrids in both F6 lines even though they were homozygous for the highly expressed Ler allele (Fig. 7A) . At2g45660 had different parental alleles in the two F6 lines, but both maintained the low expression level observed in the F1 hybrids (Fig. 7B) . At At4g30610, only one F6 line had an altered expression level, resulting in a similar expression level in the two F6 lines (Fig. 7C ). These results demonstrate that the hybrid mimic lines have gene expression patterns that are not solely dependent on the allelic combination at the locus.
Among the transactivated genes of the F6-L3-1-1-2 line, the genes in GO terms signaling, multiorganism process, immune system process, and response to stimulus were enriched (Dataset S1, Table S8 ). In F6-L4-2-1-2, among the transregulated gene activities, the GO terms multiorganism process and response to stimulus were enriched (Dataset S1, Table S9 ). The GO term response to stimulus was enriched for transregulated genes in both lines (Dataset S1, Table S10), including genes in defense response and response to hormone stimulus (JA, SA, ABA, or auxin). These same pathways are consistently differentially expressed in the F1 hybrid. The altered expression of these genes in the F1 hybrid and the transregulated genes of the F6 lines identifies them as genes that have been regulated by epistatic interactions between loci or by epigenetic reprogramming as a consequence of both parental genomes and epigenomes coming together in the one nucleus.
TCM/TCdM-Derived mC Patterns Generated in the F1 Hybrids Are Maintained in the F4. Epigenetic controls can affect gene activities in hybrids (6). We described the processes of trans-chromosomal methylation (TCM) and trans-chromosomal demethylation (TCdM), which take place in hybrids and result in one allele gaining the methylation pattern of the other, altering gene expression patterns (4) . The new methylation pattern can be inherited unchanged to the F2 generation (7) . To determine whether a subset of the transregulated genes in the F6 plants could have resulted from altered epigenetic regulation, we checked whether genes known to be altered in epigenetic mutants (36, 37) were included in our list of transregulated genes (SI Materials and Methods). We found that the transregulated gene list was ∼2.4-fold enriched for genes altered in epigenetic mutants compared with random sampling from the background list (P < 0.0001; χ 2 test). This finding supports the possibility that the changed hybrid mimic pattern of expression includes a subset of genes that have inherited F1 TCM/TCdMmediated methylation patterns into the F4 and F6 lines. At At5g26345 and At3g43340/50, the TCM-mediated methylation state of the F1 was inherited into the F4 populations (7) (Fig. 8 A and B and Fig. S8 A and B) . In four of the hybrid mimic lines for At5g26345 and two of the hybrid mimic lines for At3g43340/50, all carrying the genotype of the unmethylated parent at the locus, expression patterns differed from the parental levels and matched the F1 (Fig. 8 A and B and Fig. S8 A and B) . At another locus where TCM occurred in the F1 hybrid, At5g27345, six hybrid mimic lines maintained their high methylation pattern together with a low level of gene expression; two lines showed reduced methylation and high expression ( Fig. 8C and Fig. S8C ). The differences in methylation in the F4 lines illustrate how epigenetic variability can lead to unique expression profiles (i.e., At5g27345) between different selected lines even though they were derived from the same parental chromosomal segment. The data for these TCM-altered methylation states and their altered expression pattern showed the epigenetic induced methylation changes to be stable and maintained through the recurrent selection regime to operate in the F6. Discussion F1 hybrids can achieve significant increases in both vegetative and reproductive yields relative to their parents and are of great importance in agriculture and horticulture. There is a lack of understanding of the biological mechanisms by which these properties are achieved, and additionally, why the heterosis applies only to the first-generation hybrid and decays in the F2 and subsequent generations. There have been a number of hypotheses around the possible mechanisms of gene action involved in the generation of hybrid vigor-dominance, overdominance, and epistasis of the gene units-but there has been no comprehensive understanding as to the means by which the patterns of gene activity unique to the hybrid are achieved. Analyses of QTLs in maize and rice emphasize that hybrid vigor is a consequence of multigenic contributions (38, 39) .
We were able to generate stable pure breeding lines with the properties of the F1 hybrids, and these hybrid mimics enabled us to shed light on the principal components of heterosis generation in Arabidopsis. The gene activity profiles of these hybrid mimics, in comparison with the gene activities of the F1, defined which genes and metabolic pathways are of prime importance. There are also morphological and anatomical features common to both the F1 hybrids and the hybrid mimics. In the C24/Ler hybrids and the hybrid mimics that have large vegetative rosettes, the leaves are much greater in size than the leaves of the parental lines. These morphological features of the hybrid and hybrid mimics have a common basis of increased cell number, and in some cases, increased size of leaf cells. The increased number and size of the photosynthetic cells result in larger numbers of chloroplasts per leaf that produce more photosynthate than the parental lines (17, 18) . The increased sugar and starches provide the raw building materials for the increased size of the vegetative plants (17, 18) .
In the case of the Arabidopsis hybrids, as in hybrids in other plant species such as maize and rice, the F1 hybrid has patterns of gene activity different to those found in the parents (38, 39) . The presumption is that these altered patterns of gene activity generate the heterotic phenotype. A comparison of the gene activity patterns of the hybrid mimics with those of the F1 have highlighted key parallel properties. The major pathways prominent in the transcriptomes in both the F1 hybrid and the hybrid mimics are defense response pathways and abiotic response pathways. Other important parallels occur in certain hormone response metabolic pathways. The common property of genes involved in a number of the defense response pathways was their down-regulation relative to midparental values. This property fits with proposals that there is antagonism between defense response pathways and growth pathways (26, 27) . This counterbalancing of energy-consuming gene activities and growth is emphasized by the finding that, in small plant phenotypes, there are gene activity profiles opposite to those of the large hybrid mimics, where a number of defense response genes are up-regulated and the vegetative size of the plants is reduced.
The transcriptome analysis of the F1 hybrid showed there are ∼1,000-2,000 genes differentially expressed relative to the MPVs of expression; these gene activities could be of significance in the generation of the heterotic phenotype in the F1. Both F6 hybrid mimic lines analyzed have differential expression of 238 genes in common with the differentially expressed genes in the F1, suggesting they are putative hybrid vigor generating gene activities. In the two independently derived F6 lines, there was not complete commonality of differentially expressed genes, suggesting that there are some different pathways of gene activities that generate the F1-like phenotype; for example, one F6 line featured both increased size and number of photosynthetic cells in its large leaves, whereas the second F6 line had only increased cell numbers. Both plants produced hybrid mimics with an F1-like phenotype.
The fact that there may be a relatively small number of genes in the genome that are key to the production of the F1-like phenotype still presents a problem as to the way in which the genes are retained in the recurrent selection process. The fact that Arabidopsis has only five chromosomes and a low recombination frequency per meiotic bivalent is likely to be of considerable consequence in this puzzle (40) ; the number of independently segregating chromosome segments at meiosis approximates to the number of chromosome arms as defined by the single crossover event per chromosome pair. This low number of meiotic segregating chromosome segments is compatible with cosegregation of large numbers of genes. If there are only a small number of key loci responding to the phenotypic selection pressure in the production of the next generation, many other loci would cosegregate.
SNP analysis showed that large parental segments were homozygous. The expression levels of many of the genes were different from their level in their parental genotype. These changed levels of gene activity in the hybrid probably underlie the generation of the hybrid vigor phenotype. The question arises as to how the different expression levels are achieved. We have only limited data, but we have been able to show that some genes that have altered epigenetic marks in the F1, giving them a particular level of gene expression, maintain that level of gene expression in the hybrid mimic plants.
The different levels of expression of these genes in the hybrid may result from epigenetic interactions. In such cases, the success of translating the hybrid mimic system to a crop species will be dependent on the long-term stability of the altered epigenetic state. The analysis of epigenetic recombinant inbred lines (epiRiLs) has demonstrated that the methylation states initiated by the epigenetic interactions between WT and the ddm1-2 mutant in their progeny can be stably transmitted through multiple generations and impact traits such as flowering time and primary root length (41) .
Additionally, activity of the genes is likely to be subject to interactions between loci resulting from the presence of the two genomes in the hybrid nucleus. In the hybrid mimics, there are homozygous segments from both parental genomes that may be responsible for the gene interactions and transregulation of many loci.
Our results, together with the earlier reports of fixation of hybrid vigor traits through recurrent selection programs in a number of different crop species (10-12), support the possibility that hybrid mimics could provide an alternative to F1 hybrid systems in a range of agricultural and horticultural crops. Hybrid mimics may provide a valuable adjunct system to F1 hybrids in crops where there are already hybrid seed production systems operating but may be of particular value in crops where there are no mechanisms available for the commercial production of hybrid seeds.
Materials and Methods
Arabidopsis thaliana accessions C24 and Landsberg erecta (Ler) were used as parental lines. Reciprocal C24 × Ler hybrids were generated by hand pollination. All of the plants in one experiments were grown under the same conditions with rotation of samples. Rosette diameter of each plant was measured by Image J software (National Institutes of Health) or by hand. Recurrent selection for hybrid mimics/small plant lines was based on rosette diameter of plants that had a flowering time within the range of the two parents. For transcriptomes, total RNA was isolated using QIAGEN RNeasy MiniKitTM following the product instructions. Deep sequencing was performed on the Illumina platform. Raw reads were mapped against the TAIR10 reference genome using Biokanga (sourceforge.net/projects/biokanga/). Raw and processed mapped RNA sequences are deposited in GEO (accession no. GSE64743). The DEseq method was used for statistical tests under an R environment. A threshold of P ≤ 0.05 and fold change (FC) ≥ ±1.3 was applied for identification of the differentially expressed genes. GO analysis was performed using AgriGO (bioinfo.cau.edu.cn/agriGO/) (42) platform. SNP analysis of the transcriptome reads of F6 plants was used to define the allelic composition for each gene. See SI Materials and Methods for further details.
